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Abstract 
Total pressure was measured in CO2 loaded aqueous monoethanolamine, piperazine, 1-methyl-piperazine, 2-methyl-piperazine, 
and diglycolamine® at 82 to 191°C from 115 to 2819 kPa. CO2 solubility is estimated from these data.  Empirical models have 
been developed to predict the CO2 partial pressure of these amine solutions from 40 to 160
oC. The heat of CO2 absorption 
derived from these models varies from 66 kJ/mol for piperazine and its derivatives to 71 and 73 kJ/mol for monoethanolamine 
and diglycolamine and does not vary significantly with temperature. 
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1. Introduction 
     Amine scrubbing will be an important technology for CO2 capture form coal-fired power plants. Various aqueous 
amines have been used for absorption. 7 m (molal, gmol/ kg water, 30 wt %) monoethanolamine (MEA) is 
considered the baseline solvent. Previous studies have shown that concentrated piperazine (PZ) is very promising, 
because of greater CO2 capacity and absorption rate and greatly reduced thermal and oxidative degradation [1].  
     Improved energy performance can be achieved by elevating the stripping temperature and pressure [2]. MEA is 
not thermally resistant so the stripper temperature cannot exceed 120ºC. However, PZ, diglycolamine (DGA) and 
PZ derivatives can be used up to 150 ºC without significant degradation. Therefore thermodynamic data at high 
temperature will be especially useful in the design of stripper, multi-stage flash, reclaimer and other high 
temperature processes. Mid-temperature thermodynamics can also be interpolated from high and low temperature 
data.  
     For MEA, CO2 solubility at high temperature is available from Jou et al. in 30 wt% MEA up to 150°C and 20,000 
kPa [3]. These data will be compared to the CO2 solubility in MEA in this work to validate the experimental 
methods. There is little data available for PZ, DGA and PZ derivatives at high temperature and pressure. 
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2. Experimental Methods 
2.1 Apparatus 
2.1.1 Calorimeter 
     The first measurements of total pressure were performed using a 400 mL stainless steel calorimeter (by Parr 
Instrument) as the equilibrium cell (Figure 1). Pressure was measured with a Validyne
®
 DP15 transducer, calibrated 
by heating water and correlating the readings with known water vapor pressures from DIPPR [4]. The voltage of the 
heating tape was manually controlled by a power controller to maintain selected temperature. An Omega® K type 
thermocouple was installed inside the thermal well and an Omega
®
 4001A was used as the temperature indicator.  
               
2.1.2 Autoclave 
     As shown in Figure 2, a 500 mL stainless steel autoclave (ZipperClave
®
, by Autoclave Engineers) was used as 
the equilibrium cell for most of the measurements. Closure was effected by a resilient spring member inserted 
through a circumferential groove in the body and cover [5]. A magnetic hollow shaft agitator (MAG075, 
MagneDrive II Series, by Autoclave Engineers) was used to get equilibrium without leaking to the atmosphere. A 
compressed air motor (2AM-NCC-16, by Gast
®
) provided agitation from 100 to 2500 rpm. The agitator circulates 
both liquid and vapor phases. Temperature was controlled by a Fuji Electric PXZ-4 temperature controller, with 
connection to a K-type thermocouple placed inside the thermal well of the autoclave. A pressure transducer 
(Druck® PTX 611, 0-30 bar absolute) was connected to a signal converter and a data logger used for to record data. 
The pressure indicator was calibrated by a dead weight pressure tester (S/N 19189/278, by Budenberg Volumetrics, 
INC.). 
     The 1 run with MEA and 3 runs with PZ were conducted in the calorimeter. The autoclave was used in all the 
other experiments. The results do not show obvious differences between the two apparatuses.   
2.2 Procedure 
     Before each run, 300 to 330 mL of CO2 loaded aqueous amine was prepared and added into the equilibrium cell. 
To avoid the effects of O2, N2 was used to purge air and then the cell was sealed. The initial pressure of N2 and 
temperature were recorded for correction. Then the cell was heated. Recording of both temperatures and pressures 
started at around 100ºC. After holding at temperature for at least 30 min or until the pressure did not change for 10 
min, the system was assumed to be at equilibrium. The solution was heated to about 160ºC (or higher for PZ) and 
then cooled down to 100ºC. Data were taken during both heating and cooling processes to make the interval 10ºC in 
general. Liquid samples were collected before and after each experiment at room temperature and analyzed by total 
inorganic carbon analyzer and acid titration. 
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2.3 Analytical Methods 
Total Inorganic Carbon (TIC) 
     The concentration of CO2 in solution was determined by TIC analysis. The liquid samples collected before and 
after each run were diluted by a factor of 100. About 10–15 L diluted sample was injected into a CO2 analyzer 
(Model 525, Horiba PIR 2000). Details can be found in Appendix B.2 of Hilliard [6].  
Acid Titration 
     The total alkalinity of solution was determined by acid titration using a Metrohm-Peak 835 Titrando equipped 
with an automatic dispenser, Metrohm-Peak 801 stirrer, and 3M KCl pH probe. Details are available in Appendix 
A.3 of Hilliard [6] and Appendix F of Sexton [7]. 
2.4 Chemicals 
     CO2 is CP (Clinical Purity) 99.5% by Matheson TriGas. MEA is 99% by Acros Organics. PZ is 99% by Sigma-
Aldrich. 1-methyl-piperazine (1MPZ) is 99+% by Acros Organics. 2-methyl-piperazine (2MPZ) is 99% by AK 
Scientific. Diglycolamine (DGA
®
) is 99% by Huntsman.  DDI water was used for solution preparation.  
3. Results and Discussion 
      The total pressure of amine-H2O-CO2 system is Pt=Pmeas-PN2, where Pmeas is the measured pressure and PN2 is the 
N2 partial pressure; N2 was assumed to be an ideal gas so P = P, ∙ T(K) T(K)⁄ , 0 stands for the initial condition. P = P − P	
 − P = P − P	∗ ∙ x	 − P∗ ∙ x                                                                       (1) 
PH2O and Pamine: partial pressure of water and amine.  
P
*
H2O and P
*
amine: pressure of pure water and pure amine at T, from DIPPR [4]. 
     The mole fractions xH2O+xamine=1, assuming there is water and total amine but no free CO2 in the solution. For PZ 
derivatives and DGA, Pamine was ignored. Liquid analysis gives the total CO2 loading at room temperature, from 
which high temperature liquid loadings were corrected by the estimated amount of CO2 in the vapor. 
3.1. Results 
     Table 1 lists the measured total pressure and calculated CO2 partial pressure over aqueous MEA, PZ, 1MPZ, 
2MPZ, PZ/2MPZ and DGA. CO2 loading is defined as the mol CO2/mol alkalinity.  
Table 1: CO2 Solubility and Total Pressure in MEA, PZ, 1MPZ, 2MPZ, PZ/2MPZ and DGA 
Amine 
m 
T    
ºC  
Loading 
PCO2  
kPa 
Pt  
kPa 
Amine 
m 
T      
ºC 
Loading 
PCO2  
kPa 
Pt  
kPa 
Amine 
m 
T      
ºC 
Loading 
PCO2  
kPa 
Pt  
kPa 
MEA 
6.97 100 0.424 101 191 6.86 166 0.420 1568 2216 6.86 129.9 0.313 77 220 
6.97 100 0.425 86 176 6.82 100 0.388 34 125 6.86 131.9 0.313 73 217 
6.97 110 0.424 138 266 6.82 110 0.387 61 190 6.86 141.4 0.311 131 279 
6.97 110 0.424 123 251 6.82 120 0.387 62 241 6.86 142.3 0.310 145 293 
6.97 120 0.422 237 415 6.82 120 0.385 108 287 6.86 150.2 0.308 213 366 
6.97 120 0.423 192 370 6.82 129 0.382 176 412 6.86 152.0 0.307 236 390 
6.97 130 0.419 352 594 6.82 131 0.383 153 403 6.86 159.0 0.303 332 490 
6.97 130 0.421 292 535 6.82 140 0.378 289 614 6.87 100 0.501 167 258 
6.97 140 0.414 613 937 6.82 140 0.377 308 633 6.87 120 0.492 387 565 
6.97 140 0.417 464 788 6.82 150 0.371 463 892 6.87 140 0.477 764 1089 
6.97 150 0.406 1062 1490 6.82 150 0.369 500 929 6.87 150 0.467 1008 1437 
6.86 101 0.475 95 189 6.82 160 0.361 724 1281 6.87 160 0.457 1302 1859 
6.86 111 0.472 171 303 6.82 160 0.361 732 1289 6.85 100 0.520 233 324 
6.86 121 0.467 283 467 6.82 170 0.348 1090 1805 6.85 120 0.508 512 691 
6.86 130 0.461 448 691 6.82 170 0.350 1051 1766 6.85 140 0.489 964 1289 
6.86 139 0.450 716 1032 6.86 100.5 0.315 16 146 6.85 150 0.478 1259 1688 
6.86 140 0.452 683 1008 6.86 101.1 0.315 12 143 6.85 160 0.464 1626 2184 
6.86 149 0.440 997 1414 6.86 109.0 0.314 36 169 6.87 120 0.370 63 241 
6.86 150 0.439 1012 1440 6.86 111.3 0.315 22 157 6.87 140 0.364 217 542 
6.86 160 0.424 1427 1984 6.86 120.4 0.314 50 189 6.87 150 0.358 368 797 
6.86 161 0.424 1442 2013 6.86 121.8 0.314 45 184 6.87 160 0.351 569 1126 
PZ 
7.78 110 0.312 125 251 7.94 100 0.417 322 410 8.00 110.0 0.444 881 1006 
7.78 110 0.312 125 251 7.94 101 0.418 277 369 8.00 112.2 0.444 891 1026 
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Amine 
m 
T    
ºC  
Loading 
PCO2  
kPa 
Pt  
kPa 
Amine 
m 
T      
ºC 
Loading 
PCO2  
kPa 
Pt  
kPa 
Amine 
m 
T      
ºC 
Loading 
PCO2  
kPa 
Pt  
kPa 
7.78 120 0.311 211 385 7.94 110 0.413 478 604 8.00 117.8 0.440 1067 1228 
7.78 120 0.311 211 385 7.94 111 0.414 447 576 8.00 120.0 0.438 1175 1348 
7.78 130 0.311 268 505 7.94 120 0.410 623 797 8.00 128.3 0.433 1423 1647 
7.78 130 0.310 343 579 7.94 120 0.409 682 856 8.00 129.4 0.431 1507 1738 
7.78 140 0.308 517 833 7.94 130 0.404 898 1134 8.00 140.5 0.424 1901 2221 
7.78 140 0.308 546 863 7.94 130 0.403 945 1181 8.00 140.6 0.423 1928 2248 
7.78 150 0.304 894 1311 7.94 139 0.398 1228 1534 8.00 146.7 0.418 2203 2583 
7.78 150 0.305 864 1281 7.94 140 0.397 1243 1558 4.93 100.6 0.292 20 115 
7.78 160 0.301 1247 1788 7.94 146 0.393 1452 1825 4.93 108.9 0.291 31 157 
7.43 100 0.311 79 168 7.94 150 0.389 1646 2062 4.93 110.6 0.291 40 174 
7.43 110 0.311 41 167 7.94 150 0.389 1639 2055 4.93 120.0 0.290 60 242 
7.43 110 0.310 115 242 7.94 157 0.384 1911 2411 4.93 130.0 0.289 105 353 
7.43 119 0.310 146 315 7.75 100 0.373 174 263 4.93 138.9 0.287 152 473 
7.43 120 0.310 95 270 7.75 110 0.371 281 407 4.93 140.0 0.286 176 507 
7.43 130 0.308 285 522 7.75 120 0.367 444 618 4.93 150.0 0.283 273 709 
7.43 130 0.309 195 433 7.75 120 0.364 577 751 4.93 150.0 0.283 295 732 
7.43 140 0.306 531 849 7.75 130 0.359 798 1034 4.93 159.4 0.278 447 1005 
7.43 140 0.307 427 745 7.75 134 0.361 723 989 4.93 160.6 0.277 457 1032 
7.43 150 0.302 877 1296 7.75 140 0.357 913 1229 4.93 169.4 0.271 665 1381 
7.43 150 0.304 653 1072 7.75 140 0.353 1085 1401 4.93 170.0 0.269 711 1436 
7.43 160 0.298 1317 1861 7.75 150 0.345 1505 1922 4.93 180.0 0.261 991 1909 
7.43 160 0.301 974 1518 7.75 151 0.347 1415 1844 4.93 180.6 0.260 1035 1967 
7.43 169 0.297 1374 2054 7.75 160 0.337 1919 2460 4.93 191.1 0.248 1436 2615 
7.93 120 0.328 116 290 7.75 160 0.337 1892 2433 4.96 100.0 0.372 76 169 
7.93 125 0.328 124 327 7.93 110 0.368 223 348 4.96 100.6 0.371 103 198 
7.93 130 0.327 229 465 7.93 119 0.365 390 558 4.96 109.4 0.370 140 268 
7.93 139 0.325 441 748 7.93 121 0.367 304 483 4.96 110.0 0.369 170 301 
7.93 140 0.325 440 756 7.93 129 0.360 609 838 4.96 120.0 0.367 243 425 
7.93 149 0.321 780 1184 7.93 137 0.357 760 1050 4.96 120.6 0.366 272 458 
7.93 150 0.321 777 1193 7.93 139 0.354 901 1208 4.96 130.0 0.363 388 636 
7.93 160 0.317 1238 1778 7.93 146 0.350 1106 1479 4.96 130.6 0.362 415 667 
7.93 161 0.318 1181 1737 7.93 150 0.346 1316 1731 4.96 140.0 0.358 578 909 
7.93 167 0.311 1831 2473 7.93 152 0.345 1369 1807 4.96 140.0 0.357 607 938 
7.92 110 0.306 37 162 7.93 161 0.337 1816 2369 4.96 148.3 0.352 823 1240 
7.92 120 0.304 89 262 7.93 163 0.334 1934 2516 4.96 150.0 0.351 835 1271 
7.92 130 0.303 135 371 7.86 118.5 0.251 28 193 4.96 160.0 0.344 1149 1715 
7.92 130 0.303 156 392 7.86 129.9 0.251 59 295 4.96 160.6 0.342 1194 1769 
7.92 140 0.301 256 571 7.86 131.1 0.250 100 344 4.96 170.0 0.334 1538 2264 
7.92 140 0.300 291 607 7.86 140.9 0.249 124 449 4.96 170.6 0.333 1580 2317 
7.92 150 0.297 460 876 7.86 141.1 0.248 166 492 4.96 175.0 0.329 1775 2593 
7.92 150 0.296 510 926 7.86 149.5 0.247 252 663 7.92 100 0.416 301 390 
7.92 160 0.292 723 1263 7.86 151.5 0.247 237 670 7.92 110 0.413 471 597 
7.92 160 0.289 849 1389 7.86 159.8 0.244 417 955 7.92 120 0.408 679 853 
7.92 170 0.283 1160 1852 7.86 163.4 0.243 447 1036 7.92 130 0.402 971 1207 
7.92 170 0.282 1251 1943 7.86 171.9 0.239 664 1388 7.92 140 0.395 1302 1618 
7.92 174 0.278 1421 2183 7.86 173.2 0.237 749 1497 7.92 150 0.387 1709 2125 
7.94 81 0.422 94 137 7.86 180.5 0.234 957 1844 7.92 160 0.378 2192 2732 
7.94 82 0.421 126 171 7.86 182.9 0.231 1093 2030 7.80 120 0.300 64 238 
7.94 89 0.421 151 210 7.86 191.8 0.224 1482 2623 7.80 140 0.297 220 537 
7.94 90 0.419 197 258 8.00 100.0 0.448 711 800 7.80 150 0.294 374 791 
7.94 94 0.419 200 271 8.00 100.6 0.451 596 686 7.80 160 0.289 602 1142 
1MPZ 
7.76 120 0.192 225 399 7.76 160 0.170 1282 1823 7.66 140 0.224 1289 1606 
7.76 130 0.188 381 617 7.66 100 0.246 244 333 7.66 150 0.215 1744 2161 
7.76 140 0.183 616 932 7.66 120 0.238 630 804 7.66 160 0.205 2272 2814 
7.76 150 0.178 903 1320 7.66 130 0.232 917 1154      
2MPZ 
7.61 120 0.279 145 319 7.61 160 0.258 1126 1668 6.69 140 0.363 1247 1569 
7.61 130 0.276 262 499 6.69 100 0.389 205 295 6.69 150 0.353 1709 2133 
7.61 140 0.272 449 766 6.69 120 0.379 571 748 6.69 160 0.340 2269 2819 
7.61 150 0.266 715 1133 6.69 130 0.372 859 1100      
PZ/2MPZ, m is the total moles of PZ and 2MPZ per kg water.  PZ and 2MPZ have approximately the same concentration. 
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Amine 
m 
T    
ºC  
Loading 
PCO2  
kPa 
Pt  
kPa 
Amine 
m 
T      
ºC 
Loading 
PCO2  
kPa 
Pt  
kPa 
Amine 
m 
T      
ºC 
Loading 
PCO2  
kPa 
Pt  
kPa 
7.63 120 0.306 142 316 7.63 160 0.288 1011 1554 7.86 140 0.376 1201 1517 
7.63 130 0.303 252 489 7.86 100 0.397 227 315 7.86 150 0.369 1585 2001 
7.63 140 0.300 427 744 7.86 120 0.389 576 750 7.86 160 0.359 2084 2624 
7.63 150 0.295 673 1091 7.86 130 0.384 837 1073      
DGA 
9.55 100 0.410 57 144 9.55 150 0.375 975 1380 9.60 130 0.463 990 1220 
9.55 120 0.402 252 421 9.55 160 0.361 1359 1885 9.60 140 0.450 1329 1637 
9.55 130 0.396 417 647 9.60 100 0.488 356 442 9.60 150 0.437 1699 2104 
9.55 140 0.387 662 970 9.60 120 0.473 732 901 9.60 160 0.421 2150 2676 
3.2 Empirical Models 
     Empirical models were regressed based on the data in this work and low temperature literature data for each 
amine. Literature data includes: 40-100°C MEA data by Hilliard [6], Dugas et al. [8] and Jou et al. [3]; 40-120°C PZ 
data from Hilliard [6], Dugas et al. [8], Ermatchkov et al. [9] and Nguyen et al [10]; 40-100°C 1MPZ, 2MPZ, 
PZ/2MPZ and DGA data by Chen et al. [11, 12].  
Table 2: Empirical Correlation of CO2 Partial pressure (PCO2, Pa) with loading (α, gmol CO2/equiv. alkalinity) 
and T (K). () =  −   +  +  +   +  

  
Amine a b c d e f R
2
 
MEA 39.3±0.6 12155±194 0 -(19.0±3.6) 1105±410 12800±1444 0.994 
PZ 35.5±0.3 11065±127 0 -(22.4±3.1) 4702±418 11699±1365 0.993 
1MPZ 35.2±0.7 10344±234 -(6.4±3.5) 0 9741±1197 0 1.000 
2MPZ 39.8±0.8 12554±262 -(19.6±3.2) -(8.1±2.6) 14509±917 0 0.999 
PZ/2MPZ 41.2±0.8 12998±238 -(27.0±2.8) 7.3±2.4 14684±746 0 1.000 
DGA 28.1±1.3 7572±376 67.8±10 -(115±18) -(25209±3383) 50113±6361 0.998 
     Figure 3 shows a favorable comparison of the MEA data with data by Jou et al.[3].  
 
Figure 3: Comparison of CO2 Solubility in MEA at 100, 120 and 150°C with Jou et al. [3] 
     Figures 4 through 9 show the temperature and loading dependence of CO2 solubility in MEA, PZ, 1MPZ, 2MPZ, 
PZ/2MPZ and DGA, respectively. 
     In Figure 4 the data is compared with the MEA Aspen model prediction by Hilliard [6]. The Hilliard model is 
good for 60-120°C within 0.2-0.5 loading. At higher than 140°C, it over predicts the CO2 partial pressure.  
     In Figure 5 the data is compared with the PZ Aspen model prediction by Frailie et al. [13]. The Frailie model 
predicts well for 40-160°C with 0.2-0.45 loading. At higher than 0.45 loading, there is no experimental data and the 
model prediction is higher than the empirical correlation. 
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Figure 4: CO2 Solubility in 3.5-13 m MEA, Previous Work by Hilliard [6], Dugas et al. [8] and Jou et al.[3].   
 
  
Figure 5: CO2 Solubility in 0.9-12 m PZ, Previous: Hilliard [6], Dugas [8] Ermatchkov [9] & Nguyen [10] 
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3.3 Heat of Absorption of CO2 into Aqueous Amines 
     According to the Gibbs-Helmholtz Equation,  !"#$%&(')!* -$,. ≈ −
∆1234
5 , ΔHabs is the heat of absorption of CO2 
into aqueous amines. Table 3 gives ΔHabs derived from the empirical models.  Within the precision of these 
measurements and estimates, the heat of CO2 absorption is independent of temperature and amine concentration, but 
varies with CO2 loading.  The statistics of the empirical regression suggest that the heat of absorption is determined 
with a precision of 2 to 4 kJ/mol. 
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Figure 9: CO2 Solubility in DGA 
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4. Conclusions and recommendations 
CO2 solubility data was obtained using total pressure measurements.  Empirical models as a function of 
temperature and loading were developed for CO2 solubility from 40 to 191°C in aqueous MEA, PZ, 1MPZ, 2MPZ, 
PZ/2MPZ and DGA.  The high temperature CO2 solubility data for MEA is comparable with that by Jou et al. [3]. 
The high temperature data is also compatible with previous low temperature data.  For MEA and PZ, amine 
concentration does not have obvious effects on the CO2 solubility. The heat of CO2 absorption derived from these 
models varies from 66 kJ/mol for PZ and its derivatives to 71 and 73 for MEA and DGA and does not vary 
significantly with temperature.  
Table 3: Comparison of the Heat of Absorption of CO2 
Solvent ΔHabs (J/mol CO2) ΔHabs (kJ/mol CO2)* Mid-loading** 
3.5–13 m MEA )12800110512155( 2  R  71±4 0.486 
0.9–12 m PZ )11699470211065( 2  R  66±2 0.353 
7.7–8 m 1MPZ )974110344(  R  69±3 0.207 
6.7–8 m 2MPZ )1450912554(  R  66±3 0.314 
4/4 m PZ/2MPZ )1468412998(  R  66±3 0.341 
9.6–10 m DGA )50113252097572( 2  R  73±3 0.447 
*: The heat of absorption of CO2 at mid-loading. 
**: The loading where PCO2 is 1.5 kPa at 40 °C, calculated from the empirical models.  
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